Abstract The physicochemical properties of synthetic powders depend strongly on the method of their preparation. The present work concerns the use of the sol-gel method to prepare xMgOÁySiO 2 powders with defined physicochemical and structural properties. An important objective was to determine how the basic process parameters (including the type and concentration of the reactants) influence the physicochemical properties of the resulting material. To obtain a synthetic powders, organic precursors of magnesium (magnesium ethoxide), and silicon (tetraethoxysilane) were used. Selected products were subjected to calcination to identify the crystalline structure of the powders and to determine the impact of the proposed method of preparation on this parameter. This aspect of the research will significantly improve the range of application of the manufactured products. The powders obtained by the proposed method were thoroughly analyzed in terms of chemical composition, crystalline structure, morphology and nature of dispersion, parameters of porous structure, and thermal as well as electrokinetic properties. The solgel process proved very effective in the synthesis of highly active powders, as evidenced by the very high values obtained for the products' surface area. It was also confirmed that the physicochemical parameters are strongly dependent on the mass ratio of the reactants and on the method of final treatment of the precipitates.
Introduction
Recent years have seen a noticeable rapid development of technologies and methods for the synthesis of inorganic powders, which are used in various industries (such as the ceramics, pharmaceuticals, food, cosmetics and construction industries). Among the many common techniques, one that is quite widely used is the sol-gel method [1, 2] .
The sol-gel method is efficient in economic terms for the preparation of new synthetic powders with suitable physicochemical properties. The efficiency of the sol-gel process is affected by several parameters, including temperature, pH, amount and type of solvent used, type of catalyst and metal precursor, as well as the concentration of reagents [3] [4] [5] .
The sol-gel method can be used for the synthesis of a large number of compounds, including hybrid powders, nanocomposites, nanopowders, and many others [6] [7] [8] [9] [10] . Due to the versatility and the flexibility of its process parameters, it can be used in many areas of science and industry, including medicine and dentistry. Deposition of thin film layers on glass, ceramic and metal is one of the most important applications of the sol-gel process [11] . The single or multiple oxide coatings obtained by this method are used on a large scale, and in terms of production costs are much cheaper than coatings prepared by other commonly used methods. In addition, the sol-gel method ensures the high purity of the products and the possibility of mixing organic and inorganic components on a nanometric scale. The process usually takes place at low temperature and in mild reaction conditions, which permits, for example, the trapping of molecules such as enzymes or proteins, which have low thermal and chemical stability [12] .
The physicochemical properties of different powders significantly depend on the method of their preparation and heat treatment, which in many cases is the final step of the process. Synthetic powders are products of reaction carried out between precursors of different metals. However, hydrated mixed oxides can be obtained in hydro-or solvothermal conditions [13] [14] [15] .
Production of this type of powders, according to the assumptions of the sol-gel process, involves hydrolysis of the organic metal precursor, such as magnesium alkoxide, in the presence of acid or base, followed by a polycondensation reaction. It has been shown that the process of hydrolysis strictly depends on the pH of the solution and the nature of the catalyst (HCI [ CH 3 COOH [ H 2 C 2-O 4 [ H 2 O [ NH 4 OH) [16] . The hydrolysis reaction may be carried out in an acidic environment, and polycondensation in a basic medium [17, 18] . The sol-gel technique allows the use of different metal precursors, because the hydrolysis process is controlled by changing the pH of the reaction medium. The uniformity of the resulting gel also depends on such parameters as the solubility and order of dosing of the reactants, and the temperature and pH of the reaction. Moreover, in recent years, increasing interest in and demand for nanomaterials has been observed, especially in industrial applications. The quality of these products is largely dependent on their particle size, which can be designed precisely in the sol-gel process [19] [20] [21] .
Very often the sol-gel method is used for the preparation of hybrid materials. The powders thus obtained, subjected to a calcination process, in many cases exhibit interesting crystalline structures with a broad spectrum of application [22] [23] [24] [25] [26] .
The powders prepared based on the sol-gel method confirm its efficiency and versatility, and in addition are characterized by specific properties and can be used in many advanced technologies [27] [28] [29] [30] . Bayala et al. [27] described the possibility of obtaining hybrid materials based on NiO (NiOÁZnO, NiOÁCuO, NiOÁMgO) which offer high thermal stability and can be used as catalysts. The authors proved that the selection of appropriate reactants and controlling the parameters of the sol-gel process determine the type of the materials and its physicochemical as well as useful properties. In turn, using titanium tetraisopropoxide (TTIP) and tetraethoxysilane (TEOS), it is possible, under appropriate process conditions, to obtain a hybrid TiO 2 ÁSiO 2 powders with specific optical properties for advanced manufacturing technology [28] . A study of the same materials (TiO 2 ÁSiO 2 ) is presented by Aguado et al. [29] . These authors confirmed that the selection of the parameters of the sol-gel process plays an important role in the preparation of powders with a suitable texture, crystalline structure and appropriate degree of incorporation of TiO 2 . It also appears that, by controlling the weight ratio of the reagents, it is possible to obtain such materials as TiO 2 ÁSiO 2 , ZnOÁTiO 2 , Al 2 O 3 ÁTiO 2 with different contents of the particular oxides, which has a decisive impact on the physicochemical properties of the final product [30] . The surface area of the systems was found to increase with increasing content of SiO 2 . In addition, the activity of the precipitated powders increased with the temperature of final treatment, but only up to 700°C, to avoid obtaining the rutile form of TiO 2 .
With regard to the dynamic development of industry and the continuing need for new multifunctional materials, an attempt was made here to produce a novel xMgOÁySiO 2 powder with defined physicochemical properties, including specified crystalline and porous structure. The materials obtained by the sol-gel method may serve as a new group of functional adsorbents or catalysts.
Experimental

Materials
The xMgOÁySiO 2 powders were prepared by the sol-gel process using magnesium ethoxide as the organic precursor of magnesium. The process was carried out in a three-necked flask, to which in the first stage were added a certain amount of magnesium ethoxide and 100 cm 3 of methyl alcohol, which was used as the solvent. The whole mixture was stirred for 15 min, and then, using a peristaltic pump in a fixed sequence (three variants), the base catalyst-25 % ammonia, and the silicon precursor-TEOS were introduced.
The quantities of reagents were chosen so that the weight ratio of TEOS:magnesium precursor:NH 4 OH in the different variants was 1.5:1:0.5 (samples labeled as MP 1.1-1.3), 1.5:1:0.25 (samples labeled as MP 3.1-3.3), 1:1:0.5 (samples labeled as MP 2.1-2.3) and 1:1:0.25 (samples labeled as MP 4.1-4.3). In this reaction system, ammonia acts as a catalyst of the gelation process as well as allows to control condensation rate. Two different amounts of this factor for the particular variants of the process were used, and a main objective was to determine the effect of its addition on the effectiveness of the precipitation of the product-the addition of NH 4 OH affects the nucleation and growth of particles in the reaction system and can only result in their morphology, shape and porosity. The resulting system was stirred for 45 min using a high-speed stirrer (1,000 rpm) (IKA Werke GmbH). The synthesis was carried out at room temperature. The product obtained, in the form of alcogel, was placed in a vacuum evaporator to remove the solvent (methanol) and ammonia. The product in the form of granules was dried at 105°C for 24 h. After the drying process the powder was classified and subjected to thorough physicochemical analysis. Selected products underwent calcination (at 1,000°C for 2 h) to identify and evaluate the crystalline structure. A diagram of the process is shown in Fig. 1. 
Evaluation of physicochemical properties of xMgOÁySiO 2 powders
To confirm the effectiveness of the process, the chemical composition of synthetic materials was analyzed using atomic absorption spectrometry (AAS), with the use of a Hitachi spectrometer (content of Mg) and gravimetric method (content of SiO 2 and moisture). To perform this analysis 1 g of resulting powder, both subjected and not subjected to calcination, was leached in the HCl:H 2 O (1:1)
solution during 1 h. After that time, whole mixture was filtrated-sediment was dried and subjected to gravimetric analysis to evaluate SiO 2 content, on the other hand the filtrate was subjected to AAS analysis to evaluate Mg content. The moisture content was determined by drying the initial samples at 105°C for 2 h. Additionally to support those results the surface composition of prepared powder materials was analyzed using energy dispersive X-ray spectroscopy (EDS), with the use of a Princeton Gamma-Tech unit with a prism digital spectrometer. The calcinates of xMgOÁySiO 2 powders also underwent crystalline structure determination using the WAXS method. The results were analyzed using X-Rayan software. Diffraction patterns were taken using a TUR-M62 horizontal diffractometer equipped with an HZG-3 type goniometer. The dispersive characteristics, morphology and microstructure of the products were analyzed using a Zeiss EVO40 scanning electron microscope. The observations enabled evaluation of the degree of dispersion, the structure of particles and their tendency towards aggregation or agglomeration. Using a Zetasizer Nano ZS (based on the non-invasive back scattering light method) it was possible to measure the electrophoretic mobility using laser Doppler velocimetry (LDV), and indirectly the zeta potential (the Zetasizer Nano ZS software provides the ability to convert electrophoretic mobility values to zeta potential based on the Henry equation). The electrokinetic potential was measured over the whole pH range in the presence of 0.001 M NaCl electrolyte, which made it possible to determine the electrokinetic curves. The hybrid materials were also subjected to thermal stability analysis with the use of an STA449F3 apparatus (Netzsch GmbH). The tests were carried out in a nitrogen atmosphere, with the temperature varying over a range of 30-1,000°C. The surface area A BET (BET method) was calculated based on data measured by low-temperature adsorption of nitrogen. The isotherms of nitrogen adsorption/desorption were measured at -196°C using an ASAP 2020 apparatus (Micromeritics Instrument Co.). Taking account of the high accuracy of the instrument used (±0.0001 m 2 /g), the surface area values were rounded to whole numbers, and the mean pore size (S p ) and total pore volume (V p ) calculated using the BJH algorithm were rounded to one and two decimal places respectively.
Results and discussion
Chemical composition of powder materials
After leaching the powder material in a solution of HCl:H 2 O it was possible to determine the mass content of silica, and using AAS analysis-quantitative determination of Mg 2? (Table 1) . Additionally, for precise determination of the composition of the obtained powder materials, the moisture content was determined (drying at 105°C for 2 h). In the course of analyzes, it was found that the powders obtained via sol-gel process have similar moisture content, which is in the range of 10.1-13.6 %. Small differences in the moisture content of samples are related to the methods of their preparation (variants I-III) and the mass ratio of the used reagents. The remaining solid after the leaching process was dried and weighed to determine the amount of SiO 2 in the analyzed samples. The silica content in the obtained materials is in the range of 54.6-63.1 %, and is higher for the samples of xMgOÁySiO 2 obtained using TEOS excess in relation to magnesium ethoxide, regardless the variant of the synthesis. However, the most important was precise quantitative determination of the magnesium content as a component of the xMgOÁySiO 2 powder. For this purpose, filtrate after leaching of the initial material was used, which in principle should contain MgCl 2 . AAS analysis results clearly confirmed the presence of magnesium in the tested samples which quantity, similarly as in the case of SiO 2 , is determined by the mass ratio of TEOS:magnesium ethoxide.
Definitely a higher content of magnesium have samples MP 2. calculated into MgO present in 0.875 g of the sample subjected to leaching, considering the moisture, which is 12.5 %) which correspond to the powder formulae of 0.85MgOÁ0.96SiO 2 .
In turn, the quantitative analysis of the sample MP 1.2 has confirmed that it consists of 57.8 % of SiO 2 and 28.9 % of MgO related with formulae of 0.63MgOÁ0.96SiO 2 (1,520 mg/dm 3 Mg 2? calculated into MgO present in 0.873 g of the sample subjected to leaching, considering the moisture, which is 12.7 %), which proves earlier drawn conclusions regarding lower magnesium content in the samples obtained using an excess of TEOS. The quite similar content of silica, which should be also determined by the weight ratio of TEOS:magnesium ethoxide, is probably related with alkaline character of sol-gel synthesis (NH 3 catalyst) and relatively small excess of TEOS in respect to Mg precursor. In the case of higher excess of silica precursor as well as using acid catalyst, significant differences should be expected due to the changes in the hydrolysis and condensation rate determined by catalyst type. Preparation of xMgOÁySiO 2 powder via sol-gel method in the presence of HCl catalyst is future stage of the research.
Quantitative analysis of the samples subjected to calcination process, including sample MP 2.2C, revealed that the moisture content does not exceed 1 %, and therefore the content of MgO and SiO 2 is slightly different, so these results are not presented in Table 1 . Analysis of the composition of the samples MP 1.2C and MP 2.2C revealed that they consist of 63.4 % of SiO 2 and 26.8 % of MgO (0.57MgOÁ1.05SiO 2 ), 62.3 % of SiO 2 and 36.9 % of MgO (0.82MgOÁ1.04SiO 2 ), respectively.
In order to confirm the chemical composition of the xMgOÁySiO 2 powders, energy dispersive X-ray microanalysis (EDS) was performed. The main aim of EDS was to confirm the presence of magnesium, silicon and oxygen, which should be a part of the synthetic powders taking into account the type of reactants used for its synthesis, and also to determine the impact of the basic process parameters on the quality of the products obtained. The results of EDS analysis are summarized in Table 1 ; they represent the content of each element (percent mass contribution) in the structure of the xMgOÁySiO 2 . Additionally, to confirm the presence of Si-O-Mg bonds in tested xMgOÁySiO 2 powder, XPS analysis was performed. Detailed results in comparison with selected reference samples are presented as supplementary materials (see supplementary data -Figs. S1-S3 and Table S1 ).
It was found that the contributions of individual elements are dependent on the order of dosing of the silicon precursor and catalyst, as well as the mass ratio of the two reactants. Moreover, it was observed that samples MP 1.1 and MP 3.1 (synthesized with the quantity of NH 4 OH reduced by half) have comparable mass contributions from magnesium, silicon, and oxygen. These samples were obtained by introducing into the reaction system (magnesium ethoxide) first a 25 % ammonia solution, and then TEOS. On the basis of the percentage mass contribution of each element, the oxide composition of the samples was determined; for sample MP 1.1 it was 36.2 % MgO and 63.8 % SiO 2 (0.75MgOÁ 1.06SiO 2 ), while for sample MP 3.1 it was 38.1 % MgO and 61.9 % SiO 2 (0.57MgOÁ1.05SiO 2 ).
A similar composition was found for samples MP 2.3 and MP 4.3 (also synthesized with the quantity of basic catalyst reduced by half), in which the percentage mass contribution of magnesium is ca. 22 % and that of oxygen ca. 52 %. In all of the above-mentioned powders the mass contribution of magnesium is more than 20 %, that of oxygen is more than 50 %, and that of silicon is nearly 30 %. An exception is sample MP 2.1, in which the percentage mass contribution of silicon is only 18 %. This sample was prepared by introducing catalyst and TEOS sequentially into the reaction system. In the case of samples obtained at a TEOS to magnesium precursor ratio of 1.5:1, the experimental data indicate a greater mass contribution of each element constituting the material as compared with the other samples.
The EDS analysis proves the presence of typical elements characteristic for xMgOÁySiO 2 powder synthesized via sol-gel method. The percentage mass contributions of each element constituting the material are quite high, considering that when xMgOÁySiO 2 is obtained in an aqueous system the MgO content is \20 %, SiO 2 \65 %, and the moisture is 18 % [31] , resulting in the more hydrophilic nature of the synthetic powders obtained. In the case of the materials prepared via the sol-gel method, the moisture content is negligible, as a result of the synthesis methodology. In addition, powders subjected to calcination are completely free of moisture, resulting only in a minor change in the percentage contribution of oxygen in the structure of the powders, observed during the EDS analysis, and not presented in Table 1 . Additionally, a change in the mass ratio of MgO:SiO 2 in the final product significantly influences the physicochemical properties of the xMgOÁySiO 2 , in the order of emphasizing the properties of MgO or SiO 2 . Those results correspond to the dependencies obtained during AAS analysis. Table 2 presents the composition of xMgOÁySiO 2 powders based on average results from AAS analysis, gravimetric method and EDS technique for each stoichiometry. It was found that this composition is mainly determined by the mass ratio of reactants used, especially excess of TEOS which results in smaller contribution of MgO in synthesized powder. AAS as well as gravimetric analysis proved that xMgOÁySiO 2 can be consider as 0.64MgOÁ0.99SiO 2 or 0.71MgOÁ0.99SiO 2 , when powders were synthesized using TEOS:magnesium ethoxide mass ratio of 1.5:1, and as 0.89MgOÁ0.95SiO 2 or 0.94MgOÁ0.95SiO 2 , when powders were synthesized using TEOS:magnesium ethoxide mass ratio of 1:1. Slightly different results were obtained during EDS analysis which is rather qualitative in respect to AAS, but they also confirms the influence of mass ratio of reactants on the composition of final powder.
Crystalline structure
Selected samples of xMgOÁySiO 2 were tested to determine the crystalline structure. The most important results of the analysis are shown in Fig. 2 . The prepared samples of xMgOÁySiO 2 powder (samples MP 1.2 and MP 2.2) not subjected to calcination are completely amorphous (Fig. 2a, b) . During the study it was found that calcination of these powders at 1,000°C leads to the formation of clinoenstatite-a crystalline variety of MgSiO 3 (Fig. 2c) and forsterite-a crystalline variety of Mg 2 SiO 4 (Fig. 2d) . This is evidenced by the characteristic diffraction bands at 2H values of 28, 30, 31, 38 and 58 (clinoenstatite) and 18, 23, 24, 26, 30, 32, 35, 36, 38, 39, 52, 62, 63 (forsterite). It should be noted that by reducing the amount of TEOS in the preparation of powders MP 2.1C-2.3C, as compared with materials MP 1.1C-1.3C, different crystalline forms after calcinations were obtained, demonstrating the ability to control the structure of these type of powders obtained in the sol-gel process. Moreover, the crystalline structure of such powders determines potential routes for their use. Additionally, it was confirmed that changing the order in which the reactants were introduced into the reaction system (variants I-III, samples MP 1.1C-1.3C or MP 2.1C-2.3C), or changing the quantity of catalyst introduced in the Fig. S4 ).
FT-IR analysis
In order to confirm the results of WAXS analysis, and indirectly, the efficiency of the preparation of xMgOÁySiO 2 powder FT-IR spectra of the sample MP 2.2 and its calcined form MP 2.2C were analyzed. Talc was used as reference sample and its FT-IR spectrum is presented in Fig. 3a) shows the signals characteristic for xMgOÁySiO 2 powder not subjected to calcination. A clear, broad signal at a wavenumber 3,650-3,350 cm -1 is generated by the stretching vibration of hydroxyl groups. In turn, the band with significant intensity, with a maximum at a wavenumber of about 1,050 cm -1 is characteristic for the stretching vibration of Si-O [32] . Visible is also a clear signal at 480 cm -1 , originating from the deformation vibration of Mg-O bonds. The presence of other bands specific for the groups of analyzed product is somewhat masked by the presence of significant quantities of water in its structure, which can be confirmed by a signal appearing at 1,630 cm -1 related with a bending vibrations derived from water molecules that have been physically adsorbed on the surface of the resulting powder.
Slightly more legible is the FT-IR spectrum of the sample subjected to the calcination process (MP 2.2C) in which the amount of water has been drastically reduced. Results of FT-IR analysis of this sample show the presence of signals characteristic for the xMgOÁySiO 2 powder with a defined structure of forsterite, and so for the material of the chemical formula Mg 2 SiO 4 . Similar to the spectrum of the compound before calcination, there is a visible signal characteristic for -OH groups, but it has a much lower intensity. In the range of 1,100-500 cm -1 there is numerous of visible signals which evidence a formation of powder. The signals appearing at wavenumbers of 1,100 and 890 cm -1 derived from stretching and deformation vibrations of Si-O groups [33, 34] . Moreover, visible is a signal with a maximum intensity at a wavenumber of 630 cm -1 , which comes from the deformation vibrations of O-Mg-O bonds. However, the most important signals, which confirm receipt of xMgOÁySiO 2 powder, are those at wavenumbers of 428 cm -1 and about 645 cm -1 . Those bands are characteristic for the deformation vibration of Si-O-Mg, which evidence the formation of specific chemical species. At the wavenumber of 538 cm -1 there is a clear band, derived from stretching vibration of Si-O-Si bonds, that are present in the structure of the analyzed material [28] . In turn, a signal at 1,630 cm -1 , related with a bending vibrations, is derived from water molecules that have been physically adsorbed on the surface of the resulting powder. However, this signal is characterized by a considerably lower intensity than in the case of uncalcined sample. The results confirm earlier drew conclusions on the efficient of production of xMgOÁySiO 2 powder based on a sol-gel method.
Dispersion and morphology of xMgOÁySiO 2 powders
A study of the xMgOÁySiO 2 powders obtained via the solgel method enabled a careful analysis of their dispersion characteristics and morphology. For this purpose, the samples were observed using a scanning electron microscope, the SEM images being presented in Fig. 4 . The surface morphology and nature of the dispersion of the produced powders are very similar. The SEM images in Fig. 4a, b show samples MP 1.2 and 2.2, which were obtained at different reactants mass ratios, but were not subjected to the calcination process. The particles in these samples exhibit substantial homogeneity, and their average size is less than 10 lm. Another very important fact is their tendency to form spherical structures. A slightly better surface morphology was found for sample MP 2.2 ( Fig. 4b) , indicating that the mass ratio of the reactants has a significant effect on the nature of the dispersion of the powders. In the course of further tests, the method of preparation of xMgOÁySiO 2 was also found to have a significant impact on the size and shape of the particles. It was found that the best-formed, homogeneous materials were obtained in process variant II (when the SiO 2 precursor and the catalyst NH 4 OH were introduced simultaneously into the system). Tests of the same powders (MP 1.2C and 2.2C) additionally calcined at 1,000°C showed that the process of heat treatment resulted in significant changes in the morphology of the particles. The analyzed materials are characterized by the presence of particles having irregular shapes. The presented SEM images confirm that particles of the powders have a tendency to form aggregates and agglomerate structures, and thus cause an increase in the basic dispersive parameters, such as their diameter. This is the result of the baking of individual particles and closure of their pores due to the sudden removal of the moisture present in the samples after the precipitation process, and also the formation of a compact and dense crystalline structure, as confirmed by the images in Fig. 4c, d .
An important factor leading to noticeable changes in the dispersion and morphology characteristics was the reduction by one half in the amount of catalyst (NH 4 OH) used in preparing the xMgOÁySiO 2 systems labeled as MP 3.1-3.3 and 4.1-4.3. Again there was found to be an increase in the heterogeneity of the samples, and thus in the tendency of particles to form agglomerate structures. Based on the tests performed it was found that the factor most significantly influencing the dispersion characteristics and morphology of the powders obtained via the sol-gel process is the order in which the reactants are introduced (variants I-III). Undoubtedly the best morphology is exhibited by xMgOÁySiO 2 samples obtained by means of simultaneous dosing of TEOS and basic catalyst into the reaction system (variant II).
Electrokinetic stability
The next step in the physicochemical analysis was to study the changes of zeta potential (f) versus pH (Fig. 5) .
The electrokinetic curves of samples MP 1.1-1.3 ( Fig. 5a ) are very similar. In the pH range 2-11 all samples have negative zeta potential values. Small differences in the course taken by the electrokinetic curves of the samples are related to the method of preparation, which in this case, as it turns out, does not play a significant role. This is confirmed by the small differences in the values of the isoelectric point (IEP) of the powders: for sample MP 1.1 the value is 2.1, and for sample MP 1.3 it is 1.9. The most negative value of the zeta potential (-21.3 mV) was recorded for sample MP 1.2. The materials have their greatest electrokinetic stability at pH C 10, which is an important factor in their possible applications.
Changing the mass ratio of the reactants (TEOS:magnesium ethoxide) to 1:1 resulted in significant changes in the electrokinetic properties of samples MP 2.1-2.3 (Fig. 5b ). All samples also had negative zeta potential values in the analyzed pH range. Only sample MP 2.1 exhibited an IEP, at pH = 2.1. In this group of samples, the most negative electrokinetic potential value (-19.0 mV) was recorded for samples MP 2.2 and MP 2.3. Samples MP 2.1-2.3 were again found to have their highest electrokinetic stability at pH C 10.
The process of additional calcination of the precipitated powders caused significant changes in their electrokinetic characteristics. Similarly as with the formation of a stable crystalline structure, calcination resulted in a significant increase in the electrokinetic stability of the resulting products (Fig. 5c) , evidenced by the significantly higher values of zeta potential at selected pH values for non-calcined systems. A noteworthy fact is the stability of the electrokinetic curves, which in the case of samples MP 1.2C and 2.2C do not contain significant bends, and reached IEPs at 2.24 and 2.55 respectively.
Evaluation of the electrokinetic properties clearly confirmed that this parameter is especially influenced by the mass ratio of the reactants. Changing the order of dosing of the reagents in this case does not affect the electrokinetic properties of the resulting systems.
Parameters of porous structure
Characteristics of the porous structure plays an important role in application of this type of materials as supports for selected organic and inorganic substances, on the other hand as adsorbents. Table 3 shows the basic parameters of the porous structure of the xMgOÁySiO 2 powders obtained using the sol-gel method.
Analysis of these data clearly demonstrates the effectiveness of the sol-gel process for the preparation of active xMgOÁySiO 2 powders. For all samples, high values of surface area were obtained. The highest value (A BET = 568 m 2 /g) was measured for sample MP 1.2, obtained with a TEOS:magnesium precursor:NH 4 OH mass ratio of 1.5:1:0.5 and with simultaneous dosing of silicon precursor and catalyst (NH 4 OH). Slightly lower surface area values were found for samples MP 1.1 (A BET = 515 m 2 /g) and MP 1.3 (A BET = 425 m 2 /g), which clearly indicates the significant effect of the order of dosing of TEOS and catalyst to the reaction system. Reducing the quantity of TEOS used in the sol-gel process led to products of lower activity than samples MP 1.1-1.3. In this group of samples the highest surface area value was examined for sample MP 2.2 (A BET = 431 m 2 /g). The values for pore volume and diameter were similar for all of the precipitated powders (V p = 0.30-0.38 cm 3 /g and S p = 2.4-2.7 nm). The calcination process performed on selected samples caused significant changes in the porous structure parameters. In particular, there was a significant reduction in the surface area and pore volume for the ). The pore volume of these powders is in the range 0.0003-0.0004 cm 3 /g. There was also found to be a somewhat larger pore diameter, which in the case of the calcined samples ranged from 3.9 to 4.4 nm. Such significant changes in the porous structure parameters are most likely related to structural changes of particles of the powders subjected to the process of calcination, and unambiguously confirm the conclusions drawn from the analysis of SEM images. The above experimental data showed that the best porous structure parameters are obtained for the hybrid materials obtained via variant II of the preparation process, irrespective of the mass ratio of the reactants.
Thermal stability
The thermal stability of the hybrid materials obtained without calcination was determined by means of thermal analysis. Thermogravimetric curves (TG), as well as their first derivatives (DTG and DTA), were obtained (Fig. 6) .
The thermogravimetric curves for the xMgOÁySiO 2 powders shown in Fig. 6c indicate a three-stage mass change. Loss of mass of the powders was found to begin even at the starting temperature of 30°C, and the observed mass loss over the temperature range 30-200°C is relatively large, at around 11 %. This is also indicated by the clear peak appearing on the derivative curve (Fig. 6a) . The second stage, with a mass loss of approximately 20 % over the temperature range 200-600°C, also involves chiefly the local elimination of water present in the powders structure. The significant change in mass is confirmed by the sharp peak on the DTG curve (Fig. 6a) , with a maximum at approximately 380°C for both hybrid materials (MP 1.2 and 2.2). By way of further confirmation the DTA curve is presented (Fig. 6b) , which shows peaks in the temperature range 30-200°C related to the endothermic effect of the samples' dehydration, and in the range 200-600°C related to an exothermic thermal effect. Thermal processing above 600°C (up to 1,000°C) in the third stage causes a gradual loss of mass by a further 2 % (above 800°C), caused by the formation of new bonds as a result of the formation of clinoenstatite and forsterite-the crystalline structures of samples MP 1.2 and 2.2 respectively. These changes are well visible on the DTA curve, and are related to exothermic peaks near 850°C-the temperature at which the crystalline form of xMgOÁySiO 2 appears. The xMgOÁySiO 2 powders were found to lose only 33 % of their total mass, which confirms their fairly high thermal stability. Insignificant differences in thermal stability, observed between samples MP 1.2 and 2.2 especially on the DTA and DTG curves, are related only to the quantities of reagents used for their preparation (the method of preparation was the same). The samples which had been calcined (at 1,000°C) were not analyzed, in view of their thermal treatment method, well-formed crystalline structure and expected high thermal stability. The results of research clearly confirmed the opportunities offered by the sol-gel method for the synthesis of such inorganic powders. On the one hand the impact of various process parameters on the properties of the resulting product was confirmed, on the other hand a new type of inorganic material with specific properties and possible a wide range of application (cheap polymer fillers or adsorbents) was obtained. Additional calcination process allows to form a particular crystalline structure which in some industries plays an important role, the same as in the case of the cited powder containing TiO 2 in its structure. Therefore, the spectrum of the synthesized compounds, based on a sol-gel process, can be effectively extended by xMgOÁySiO 2 powder with defined physicochemical and structural properties.
Conclusions
The proposed method for the synthesis of xMgOÁySiO 2 powders via a sol-gel process has made it possible to obtain valuable hybrid materials with specific properties. It was confirmed that the physicochemical properties of the materials produced are strongly dependent on the quantity of reagents and the methodology used for their preparation. It was shown that it is possible to design materials with defined dispersion parameters by controlling the mass ratio of the reactants and the order of their introduction into the reaction system. xMgOÁySiO 2 samples obtained through simultaneous dosing of TEOS and basic catalyst into the reaction system (variant II) unquestionably exhibit the best morphology.
The AAS and EDS analyses proved the presence of typical elements characteristic for xMgOÁySiO 2 powder synthesized via sol-gel method, as confirmed by the high content of magnesium and silicon (calculated to MgO and SiO 2 content respectively) in the structure of the product. In addition, it was confirmed that by changing the mass ratio of the precursors of the various elements we can control their content in the final product. The results also show that a product with an appropriate crystalline structure can be formed by means of an additional final treatment process such as calcination. Such technological operations may further increase the range of application of this type of materials.
The sol-gel process has proved to be very effective in the synthesis of active xMgOÁySiO 2 powders, as is evidenced by the products' very high surface areas. In addition it was confirmed that, depending on needs, the parameters of the porous structure may also be controlled by selecting the ratio of the reactants, method of preparation, or method of final treatment (calcination).
Similarly to other physicochemical parameters, the electrokinetic properties and thermal stability are strongly influenced by the mass ratio of the reactants and the final calcination process. The resulting xMgOÁySiO 2 powders offer high thermal and electrokinetic stability, especially at alkaline pH.
In view of the unique properties of the hybrid materials obtained, they will continue to be studied in a further stage of the research, which will deal with their application in various areas of technology.
